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A l t h o u g h  i t  i s  c l ea r  t h a t  i n c r e a s i n g  a m o u n t s  o f  c o a l  W i l l  be  
burned  e a c h  y e a r  f o r  d e c a d e s ,  no s a t i s f a c t o r y  t e c h n o l o g y  f o r  t h e  
chemical  "deep c l e a n i n g "  of c o a l  has  been developed. This  s i t u a t i o n  
a r i s e s  f r o m  t h e  f a c t  t h a t  t h e  f o r m s  o f  o r g a n i c  s u l f u r  i n  c o a l s  a r e  
c h e m i c a l l y  reduced,  and t h e r e f o r e ,  r e l a t i v e l y  u n r e a c t i v e  under most 
d e s u l f u r i z a t i o n  c o n d i t i o n s .  E a r l y  a t t e m p t s  t o  deve lop  "oxy-desulfu- 
r i z a t i o n "  p r o c e s s e s  f a i l e d  t o  t a k e  i n t o  account  t h a t  o r g a n i c  s u l f u r  
i s  no more s u s c e p t i b l e  t o  f r e e  r a d i c a l  o x i d a t i o n  t h a n  a r e  carbon and 
hydrogen;  and t h u s ,  e v e n  t h o u g h  p y r i t i c  s u l f u r  i s  removed by t h e s e  
processes  no s e l e c t i v e  removal  of o r g a n i c  s u l f u r  can be  accomplished. 

The u s e  o f  more s u l f u r - s e l e c t i v e  -ei-ec-Crfroph?lic o x i d a n t s  t o  
c h e m i c a l l y  c l e a n  . c o a l  wa-s i n t r o d u c e d  by  t h e  J e t  P r o p u l s i o n  

~~ Labora-tory's aevelopment  o f  a c h l o r i n e  based p r o c e s s  (1-3). Unfortu- 
n a t e l y ,  t h i s  powerful  o x i d a n t  a l s o  c h l o r i n a t e s  c o a l ,  r e p l a c i n g  some 
of  t h e  carbon-hydrogen bonds w i t h  carbon-chlor ine  bonds; and as many 
a s  20 c h l o r i n e s  p e r  1 0 0  c a r b o n s  a r e  i n t r o d u c e d  (1, 3 ) .  Removal o f  
t h i s  i n a d v e r t e n t l y  i n t r o d u c e d  c h l o r i n e  became a new problem which h a s  
proved  v e r y  d i f f i c u l t  t o  s o l v e .  JPL h a s  a t t e m p t e d  t o  d e c h l o r i n a t e  
t h e  i n t e r m e d i a t e  p r o d u c t  u s i n g  a v a r i e t y  of  c o n d i t i o n s  i n c l u d i n g  
hydrogenat ion a t  t e m p e r a t u r e s  up t o  7OO0C ( 2 ) .  

~ . -- .- - ~ -  
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I n  t h e  meantime, TRW, I n c .  had shown t h a t  s u b s t a n t i a l  amounts of 
o r g a n i c  s u l f u r  a r e  a p p a r e n t l y  removed f r o m  c o a l  by h e a t i n g  it w i t h  
m o l t e n  c a u s t i c  (4-6). S i n c e  t h e  r e p l a c e m e n t  o f  o x i d i z e d  s u l f u r  
f u n c t i o n s  as  w e l l  as c h l o r i n e  by hydroxide i o n s  a r e  common r e a c t i o n s  
i n  both a l i p h a t i c  and a r o m a t i c  c h e m i s t r i e s ,  w e  reasoned t h a t  e l e c t r o -  
p h i l i c  o x i d a t i o n  f o l l o w e d  by  t r e a t m e n t  w i t h  s t r o n g  b a s e  would be  
s u p e r i o r  t o  e i t h e r  t r e a t m e n t  a lone.  

On t h i s  b a s i s ,  w e  d e v e l o p e d  a t w o - s t e p  p r o c e s s  f o r  t h e  d e s u l -  
f u r i z a t i o n  o f  c o a l  i n  w h i c h  t h e  c o a l  i s  f i r s t  m i l d l y  o x i d i z e d  and 
t h e n  h e a t e d  w i t h  a l k a l i n e  mater ia l s .  I n  o u r  f i r s t  r e p o r t  ( 7 ) ,  oxy-  
a l k a l i n o l y s i s  was  d e m o n s t r a t e d  t o  be  more e f f e c t i v e  t h a n  e i t h e r  
c h l o r i n a t i o n  o r  a l k a l i  f u s i o n .  We now wish t o  p r e s e n t  resul ts  u s i n g  
bromine as t h e  f i r s t  s t a g e  o x i d a n t  and add a few model s t u d i e s  which 
shed a d d i t i o n a l  l i g h t  on t h e  c h e m i s t r y  under ly ing  t h e  processes .  

General  
EXPERIMENTAL 

Western  Kentucky N o .  9 c o a l  f r o m  t h e  A m e s  Lab c o a l  l i b r a r y ,  
w h i c h  had been  p r e p a r e d  a n d  s t o r e d  u n d e r  0 - f r e e  c o n d i t i o n s ,  was  
u s e d .  B r o m i n a t i o n  o f  t h e  c o a l  and t h e  a l k a l i  f u s i o n  of  t h e  b r o m i -  
n a t e d  samples  were c a r r i e d  o u t  under N atmosphere. Before u s e ,  t h e  
c o a l  was s i z e d  t o  p a s s  t h r o u g h  a 2 0 2  US mesh screen. M e t h y l e n e  
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c h l o r i d e ,  Potassium hydroxide  p e l l e t s  ( 8 5 % ) ,  potass ium i o d i d e ,  sodium 
t h i o s u l f a t e ,  po tass ium dichromate ,  and s o l u b l e  s t a r c h ,  a l l  c e r t i f i e d  
ACS g r a d e ,  were used a s  o b t a i n e d  from commercial  sources .  AR grade  
b r o m i n e  was used  i n  t h e  b r o m i n a t i o n  of  c o a l .  The a n a l y s i s  of  t h e  
samples  were c a r r i e d  o u t  by t h e  A m e s  Lab A n a l y t i c a l  S e r v i c e s .  

Bromination of Coal 

A t y p i c a l  p r o c e d u r e  f o r  t h e  b r o m i n a t i o n  of  c o a l  s a m p l e s  i s  
d e s c r i b e d  below: 

To a w e l l  s t i r r e d  m i x t u r e  o f  7 0  m l  of C H 2 C 1 2  and 50 m l  of  w a t e r  
was added an a c c u r a t e l y  weighed (about  2.50 g)  sample of  coa l .  While 
s t i r r i n g  t h e  m i x t u r e  v i g o r o u s l y ,  3 m l  (58.6 mmol) o f  b r o m i n e  was 
in t roduced  i n  t h r e e  equal  p o r t i o n s .  S t i r r i n g  w a s  e f f e c t e d  by u l t r a -  
s o n i c  i r r a d i a t i o n .  A f t e r  a t o t a l  o f  60 min., t h e  m i x t u r e  was  f i l -  
t e r e d  t h r o u g h  a p r e v i o u s l y  weighed  f l u o r o p o r e  f i l t e r  ( 3  m ,  M i l l i -  
pore) .  The c o a l  r e s i d u e  was thoroughly  washed 8-10 times u s i n g  20-25 
m l  of  w a t e r  e a c h  t i m e .  The b r o m i n a t e d  c o a l  was  t h e n  d r i e d  u n d e r  
vacuum i n  an oven a t  l l O ° C .  A f t e r  d r y i n g ,  t h e  g a i n  i n  weight  of  c o a l  
was recorded.  

Es t imat ion  of  Bromine 

I n  a s e p a r a t e  series of e x p e r i m e n t s ,  t h e  bromine l e f t  u n r e a c t e d  
a f t e r  t h e  brominat ion  of c o a l  w a s  e s t i m a t e d  by adding e x c e s s  of  K I  t o  
t h e  f i l t r a t e  and t i t r a t i n g  t h e  l i b e r a t e d  I 2  w i t h  Na2S20 p r e v i o u s l y  
s t a n d a r d i z e d  w i t h  K 2 C r 2 0 7  u s i n g  s t a r c h .  T h i s  enabled  us  30 d e t e r m i n e  
t h e  amount  o f  B r 2  consumed by  c o a l  ( 0 . 5  g )  d u r i n g  o x i d a t i o n .  The 
i n c o r p o r a t e d  B r 2  was e s t i m a t e d  from t h e  e l e m e n t a l  ana lyses .  

A l k a l i  Fusion -- 

I n  a t y p i c a l  e x p e r i m e n t  15 -10  g KOH was a t  f i r s t  f u s e d  a t  380° 
i n  a s t e e l  r e a c t o r  p l a c e d  i n  a s a l t  (NaN03+NaN02+KN0 ) b a t h  and 
f i t t e d  w i t h  a N i n l e t - o u t l e t  d e v i c e ,  p a d d l e  s t i r r e r  a n i  a p o r t  f o r  
loading coa l .  T%e molten mass of KOH was he ld  a t  380° u n t i l  no more 
water was expel led .  About 0.5 g of c o a l  was t h e n  i n t r o d u c e d  and t h e  
molten mass was s t i r r e d  a t  380'-390° f o r  3 0  min. A f t e r  c o o l i n g ,  t h e  
c o n t e n t s  of  t h e  r e a c t o r  v e s s e l  were mixed w i t h  water  and t h e  r e s u l -  
t i n g  s l u r r y  was a c i d i f i e d  w i t h  1:l H C 1 .  The m i x t u r e  was t h e n  k e p t  
over  a steam b a t h  f o r  3 0  min. and f i n a l l y  f i l t e r e d  through f l u o r o p o r e  
( 3  m ,  M i l l i p o r e ) ,  washed v e r y  t h r o r o u g h l y  w i t h  warm w a t e r ,  d r i e d  i n  
an oven under vacuum a t  llOo o v e r n i g h t .  

RESULTS 

I n  o r d e r  t o  unders tand  t h e  d a t a ,  w e  w i l l  e x p r e s s  changes i n  t h e  
c o a l  on o x i d a t i o n  and KOH f u s i o n  i n  terms o f  a t o m  r a t i o s ,  most 
u s u a l l y  a toms p e r  one hundred carbon atoms,  xX/lOOC. This  i s  equiva-  
l e n t  t o  gram-atoms of  X p e r  1 0 0  gram-atoms of carbon.  T h i s  approach 
a l l o w s  c a r e f u l  f o c u s  on c h a n g e s  i n  t h e  o r g a n i c  f r a c t i o n  o f  t h e  c o a l  
w i t h o u t  r e g a r d  t o  changes i n  t h e  m i n e r a l  matter. 

The resu l t s  of  c o a l  b r o m i n a t i o n  a r e  g i v e n  i n  Tables  1 and 2 and 
a number of  a s p e c t s  of  t h e  r e a c t i o n  of b i tuminous  c o a l  w i t h  bromine 
a r e  i l l u s t r a t e d  i n  F i g u r e  1. Up t o  a r a t i o  o f  more t h a n  1 0  mmol of 
b r o m i n e  p e r  1 0 0  g-atom o f  c a r b o n ,  a l l  of t h e  b r o m i n e  i s  consumed 
w i t h i n  t h e  6 0  minute  r e a c t i o n  t i m e .  The weight  of product  i n c r e a s e s  
markedly d u r i n g  t h e  e a r l y  s t a g e s  of brominat ion ,  i n c r e a s i n g  by about  
o n e - t h i r d  when 1 5  m o l e s  of b r o m i n e  p e r  1 0 0  g r a m - a t o m s  o f  c a r b o n  i s  
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used.  ~ n c r e a s i n g  t h e  r a t i o  beyond 1 5  g i v e s  no f u r t h e r  w e i g h t  i n -  
c rease .  As s e e n  i n  Table  2, a b o u t  one- four th  of  t h e  hydrogen i n  the  
c o a l  i s  l o s t  (see F i g u r e  2 a ) ,  e v e n  i n  t h e  most  l i g h t l y  b r o m i n a t e d  
s a m p l e s ,  and  s u l f u r  f a l l s  o f f  s l o w l y  and  s t e a d i l y  w i t h  i n c r e a s e d  
bromine consumption (See F i g u r e  3a) .  

Table  3 shows t h e  results of s u b j e c t i n g  t h e  p r e o x i d i z e d  samples 
t o  f u s i o n  w i t h  KOH f o r  30 m i n u t e s  a t  38OoC. Note  t h a t  u n d e r  t h e s e  
c o n d i t i o n s ,  t h e  s u l f u r  l eve l  o f  t h e  r a w  W. Kentucky # 9  c o a l  t r e a t e d  
w i t h  KOH a l o n e  i s  r e d u c e d  f r o m  1.9S/lOOC t o  0.7S/lOOC. T h e r e  i s  a 
small  i n c r e a s e  i n  t h e  s u l f u r  l e v e l  a f t e r  f u s i o n  when i n s u f f i c i e n t  
b r o m i n e  i s  u s e d ,  b u t  i n  g e n e r a l ,  t h e  s u l f u r  l e v e l s  a t t a i n a b l e  i n  3 0  
minute  KOH f u s i o n s  f o r  p r e o x i d i z e d  samples  d e c r e a s e s  w i t h  i n c r e a s i n g  
b r o m i n e  c o n s u m p t i o n  ( S e e  F i g u r e  3 b ) .  Under t h e  b e s t  c o n d i t i o n  a 
l e v e l  o f  O.lS/lOOC ( 9 4 %  d e s u l f u r i z a t i o n )  i s  achieved.  Bromine l e v e l s  
a f t e r  f u s i o n  a r e  u n i f o r m l y  l o w ,  c o n f i r m i n g  t h a t  o r g a n i c  h a l o g e n  i s  
removable by KOH fus ion .  

DISCUSSION 
The O x i d a t i o n  Step 

O u r  p r e v i o u s  p a p e r  e s t a b l i s h e d  t h a t  c h l o r i n e  is a n  e f f e c t i v e  
o x i d a n t  ( 7 ) ;  h o w e v e r ,  g a s e o u s  c h l o r i n e  i s  n o t  a s  e a s y  t o  s t u d y  i n  
d e t a i l  a s  i s  b r o m i n e  b e c a u s e  c h l o r i n e  c a n n o t  b e  i n t r o d u c e d  a s  
a c c u r a t e l y  nor  k e p t  i n  s o l u t i o n  a s  e a s i l y .  Therefore ,  w e  have d e t e r -  
mined t h e  s t o i c h i o m e t r y  o f  t h e  o x i d a t i o n  o f  c o a l  w i t h  b r o m i n e ,  
assuming t h a t  t h e  r e s u l t  c a n  be g e n e r a l i z e d  t o  t h e  o t h e r  halogens.  

_- 

Bromine  i s  consumed i n  f o u r  p h e n o m e n o l o g i c a l l y  i d e n t i f i a b l e  
processes :  (1) s u b s t i t u t i o n  f o r  hydrogen: ( 2 )  dehydrogenat ion  of t h e  
c o a l ;  ( 3 )  o x i d a t i o n  o f  i r o n  p y r i t e  t o  s u l f a t e  and f e r r i c  i r o n ;  and 
( 4 )  o x i d a t i o n  of d i v a l e n t  s u l f u r  compounds t o  t h e  t e t r a v a l e n t  s ta te ,  
e q u a t i o n s  1 -4  r e s p e c t i v e l y .  

I I 
-C-H + B r 2  -b -$-Br + H B r  (1) 

-6 -2  + B r 2  -b -&=Z + 2 HBI ( 2 )  
k H  
(Z = C ,  N ,  0 ,  S )  

2 FeS2 + 1 5  B r 2  + 1 6  H 2 0  + F e 2 ( S 0 4 ) 3  + H2SO4 + 30 H B r  ( 3 )  

R-S-R + 2 H20 + 2 B r 2  .-b R-SO2-R + 4 H B r  (4a) 

R-SH + 3 H 2 0  + 3 B r 2  .-b R-S03H + 6 H B r  (4b)  

G i v e n  t h e  f o l l o w i n g  d a t a :  (1) t h e  t o t a l  b r o m i n e  consumed,  ( 2 )  t h e  
amount  o f  b r o m i n e  i n c o r p o r a t e d  i n t o  t h e  c o a l ,  and  ( 3 )  t h e  l o s s  o f  
hydrogen  f r o m  t h e  c o a l ;  o n e  c a n  c a l c u l a t e  t h e  amount  o f  b r o m i n e  
consumed by p r o c e s s e s  1 and 2, and t h e n  by d i f f e r e n c e ,  t h e  amount of 
bromine consumed i n  o x i d i n g  s u l f u r .  

T a b l e  4 shows t h a t  e v e n  a t  a b r o m i n e  c o n s u m p t i o n  l e v e l  of  1 4  
B r  / l O O C ,  v i r t u a l l y  a l l  of t h e  consumed b r o m i n e  i s  a c c o u n t e d  f o r  
w i t h o u t  s u l f u r  o x i d a t i o n .  The c o n c l u s i o n  t h a t  some n o n - s u l f u r -  
o x i d i z i n g  p r o c e s s e s  a r e  v e r y  f a s t  i s  a l s o  b o r n e  o u t  by c a r e f u l  
c o m p a r i s o n  of h y d r o g e n  l o s s  v e r s u s  s u l f u r  r e d u c t i o n .  F i f t y - s e v e n  
P e r c e n t  o f  t h e  s u l f u r  i s  removed u n d e r  t h e  most  severe  b r o m i n a t i o n  
c o n d i t i o n s ;  roughly  o n e - t h i r d  o f  t h i s  s u l f u r  i s  removed a t  a bromine- 
t o - c a r b o n  r a t i o  of  0.12.  On t h e  o t h e r  hand ,  t h r e e - f o u r t h s  o f  t h e  
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hydrogen consumed under the severest conditions has been removed at a 
ratio of 0.12. 

Bromine in carbon tetrachloride or in water is used in most 
qualitative organic analysis schemes to diagnose the presence of (1) 
carbon-carbon unsaturation, (2) phenols, (3) compounds with 
relatively stable enol forms, ( 4 )  many amines, most notably anilines, 
and (5) other easily oxidized functional groups (8). Divalent 
organic sulfur compounds fall in this latter category along with 
hydroquinones and a few compounds possessing a very activated carbon- 
hydrogen bond. Thus, the concommitant consumption by coal of bromine 
in processes which do not oxidize sulfur is not surprising, and has 
been suggested before (9, 10); however, the extent to which it occurs 
is disconcerting. 

The Alkali Fusion Step --- 
The ratio of sulfur to carbon in the brominated coals drops 

modestly (from 1.5S/lOOC to O.SS/lOOC) when the bromine to carbon 
ratio increases from 0.12 to 0.40 (See Figure 3a). However, over the 
same range, the susceptibility of the product to subsequent sulfur 
removal by KOH fusion is markedly enhanced. Fusion of the aforemen- 
tioned samples with KOH leads to final sulfur values of O.SS/lOOC and 
O.lS/lOOC respectively (See Figure 3b). The organic sulfur in the 
sample treated with 40 Br /1OOC is clearly different from that in the 
sample treated with 12 &r /1OOC. On the basis of model compound 
studies reported previously (71 ,  we are confident that it is the 
oxidation state of sulfur which has changed. 

CONCLUSIONS 

This study shows that preoxidation of coal samples by bromine 
markedly increases the efficiency of sulfur removal by molten caustic 
treatment. Under conditions which give a 65% sulfur reduction with 
KOH fusion alone, a preoxidized sample can be 9 4 %  desulfurized. That 
some hydrogen substitution and dehydrogenation processes are faster 
than sulfur oxidation has been demonstrated. The substitution reac- 
tions are probably phenol brominations and the replacement of active 
aliphatic hydrogen by bromine. The dehydrogenation reactions 
probably involve oxidation of easily oxidized carbon-carbon and 
cabon-oxygen bond systems. 
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Table 2. Product Analytical Data for 
I Brominated W. Ky. #9 Coal. 

Tab - e , Bromine consumed by 
W. Ky. 119 Coal.* 

0 0 
13.3 12.2 
16.5 13.0 
26.2 18.5 
33.0 21.6 
39.1 23.3 

*One gram of W. Ky #9 coal con- 
tains .7086q :0.059g-atom) of 

- . - -  carbon. 

Table 3. Product Analytical Data 
for KOH Fused Samples. 

Run 
No. 

1 
2 
3 
4 
6 

- 

1 0 0 86.0 1.9 
2 11.9 7.1 68.3 1.5 
3 15.9 8.3 68.5 1.2 
4 23.8 8.6 65.6 1.1 
5 31.8 9.4 62.2 0.8 
6 39.7 9.8 41.9- Or9 

0.7 0.0 45.4 
0.8 0.1 41.2 
0.6 0.2 46.9 
0.3 0.3 43.0 
0.1 0.1 45.1 

Table 4. Relative Stoichiometries of Bromine Consumption. 

(mol Br2/100 g-atom c)consumed 

Substitu- Dehydro- Sum of 
Run tion for H genation processes 0bs.- 
NO. Process 1 Process 2 1 and.2 Obs. (1+2)* 

6 9.8 7.2 17.0 23.2 6.6 
5 9.4 7.2 16.6 20.2 3.4 
4 8.6 5.9 14.5 17.0 2.7 
3 8.3 4.6 12.9 13.8 0.5 
2 7.1 5.3 12.4 11.9 -0.5 

- 

*FeS2 requires 3.4 Br2!100 C; depending on functional group distribu- 
tion, organic S requires 1.9-2.8 Br2/100 C; total required for S 
oxidation is 5.3-6.2 Br2/100 C. 
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